ABSTRACT: Microscopic measurements of fresh biomass and 16S rRNA gene sequences from clone libraries and denaturing gradient gel electrophoresis (DGGE) were used to investigate cyanobacterial diversity in Polish water bodies in 2002. In addition, measurements of microcystin (MC) concentrations were made. Thirty water samples were taken from 11 water bodies; of these samples, 18 were obtained from the Sulejow Reservoir during regular monitoring from June to October. Intraand extracellular MC concentrations in Sulejow samples were measured by high performance liquid chromatography (HPLC). The extracellular MC concentration was assessed using a protein phosphatase inhibition assay (PPIA) in additional lakes. Additionally, physicochemical parameters were measured (total nitrogen [TN], total phosphorus [TP], TN:TP ratio, chlorophyll a concentration, temperature). In Sulejow, high intracellular MC concentrations corresponded to large cyanobacterial biovolumes and to low TN:TP ratios. In the other lakes, extracellular MCs were not linked to any measured parameters. The combination of the microscopic and molecular data showed that Aphanizomenon and Microcystis were the dominant genera during the summer period in the Sulejow Reservoir. At the genetic level, there was a succession of 2 different operational taxonomic units (OTUs) belonging to the lineage Anabaena/Aphanizomenon. In the other water bodies, the most frequent populations were Aphanizomenon, Anabaena, Microcystis and Planktothrix. Small populations of Romeria, Snowella, Woronichinia, Limnothrix and Pseudanabaena were observed, and an enigmatic cluster affiliated with Prochlorothrix was genetically retrieved. Anabaena and Microcystis were presumed to be the main genera responsible for the MC production.
INTRODUCTION
Cyanobacteria are among the most morphologically and physiologically diverse groups of prokaryotes. They can be found in a wide range of habitats, from ice fields to hot springs and deserts (Ward & Castenholz 2000) . The incidence and the intensity of cyanobacterial blooms have become an increasing problem at a global scale. Water temperature above 25°C, high light intensity in the water, total nitrogen:total phosphorus (TN:TP) ratio and stability of the water column are factors responsible for the dominance of bloom-forming cyanobacteria (Rapala et al. 1997 , Kaebernick & Neilan 2001 . Worldwide studies have shown that between 25 and 70% of the blooms are toxic (Sivonen 1996) . The cyanotoxins are mainly released in the water column during collapse of the blooms. The ingestion or contact with water containing cyanobacterial cells or toxins can damage health (Pilotto et al. 1997 , Carmichael et al. 2001 , de Figueiredo et al. 2004 . In Brazil, human deaths occurred after dialysis with water containing cyanotoxins (Pouria et al. 1998) . Three main groups of cyanotoxins are usually considered on the basis of their toxicity: hepatotoxins, neurotoxins and dermatotoxins (Sivonen 1996 , Chorus et al. 2000 . Hepatotoxins are the most widespread toxins and include nodularins and microcystins (MCs). The latter have been extensively studied, and their production is linked to cell growth, high temperature, high light intensity and high phosphorus concentration (Rapala et al. 1997 , Orr & Jones 1998 , Kaebernick & Neilan 2001 . In temperate lakes, Microcystis (Kurmayer et al. 2002) , Anabaena (Beltran & Neilan 2000) and Planktothrix (Jann-Para et al. 2004) are the main MC-producing genera responsible for the formation of blooms. Preliminary studies in Poland showed that about 78% of samples dominated by Microcystis and 84% of samples dominated by Planktothrix produced MCs . Recent studies aimed to detect the genes of the MC operon mcy (Hotto et al. 2007 , Saker et al. 2007 ). The presence of multiple MC-producing genera, identified on the basis of their mcy genes, was correlated with cyanobacterial biomass, chlorophyll a (chl a) concentration, TN and MC concentration (Rantala et al. 2006) . It was proposed that specific environmental conditions may influence the presence of specific MC genotypes (Kurmayer et al. 2005) .
We studied cyanobacterial diversity in relation to the occurrence of MCs using microscopic counts and molecular tools. The molecular analyses were performed using denaturing gradient gel electrophoresis (DGGE) and clone libraries based on 16S rRNA gene sequences. Thirty surface samples from 11 Polish water bodies were investigated. The Sulejow Reservoir was studied in more detail by a DGGE time-series analysis over 4 months. Cyanobacterial genera were investigated using microscopy, and biovolumes were determined for each sample. The Sulejow Reservoir is a reference water body for monitoring in Poland, and thus extracellular and intracellular MCs were measured using high performance liquid chromatography (HPLC). Additional lakes were screened using the faster protein phosphatase inhibition assay (PPIA) to obtain preliminary information about the presence of extracellular MCs. In addition, biotic and physicochemical parameters were measured and their relation to MC concentrations was investigated.
MATERIALS AND METHODS
Localities. The Sulejow Reservoir is a shallow, lowland reservoir, situated in central Poland in the middle course of the Pilica River. At its maximum capacity (75 × 10 6 m 3 ), the reservoir covers 22 km 2 , with an average depth of 3.3 m and a mean retention time of approximately 30 d. The length of the shoreline is about 54 km, of which 34.5 km are forested (Ambrozewski 1980) . Before April 2004, this reservoir supplied most of the drinking water for the city of Lodz (750 000 inhabitants). It is still used as an alternative source under conditions of high water demand. Moreover, it is a popular place for recreational activities such as swimming, sailing or canoeing.
Ten additional lakes were selected because they represent places of high tourist impact in 3 districts of northern Poland. Lake Jeziorak is the longest Polish lake and the largest lake in the Olsztynian Lake District. In the Mazurian District, Lakes Niegocin, Jagodne, Szymoneckie, Szymon, Kotek and Taltowisko are used for recreation and are closely connected to each other by canals. The least used water bodies are Lakes Siecino and Trzesiecko in the Pomeranian Lake District. Zegrzyn Reservoir is situated in central Poland and is a shallow and eutrophic water body. It is an important source of drinking water for Warsaw, the capital of Poland.
Sampling protocols and physicochemical analyses. Water samples were collected from the Sulejow Reservoir from 4 June to 10 October 2002 and from additional lakes from 16 August to 3 September 2002. Samples were labelled as follows: the first number represents the year (i.e. 2 = 2002), the 2 following letters identify the lake and the last 2 digits represent the collection week. Integrated water samples from Sulejow were taken using a 5 l sample from each metre of the entire water column. The other water bodies were sampled by collecting 500 ml of surface water in bottles.
For chl a concentration and HPLC analysis, subsamples of l l of water were immediately filtered through Whatman GF/C filters. For PPIA analysis, 1 ml of the surface water was immediately filtered through Whatman GF/C filters. Filters were stored at 4°C before analysis. Two subsamples of 200 ml were taken for chemical and molecular analysis. All samples were transported at 4°C to the laboratory for analysis. For molecular analysis, samples of water were filtered in the laboratory on a 0.45 µm porosity Gelman Supor filter (Pall Life Science). The filter was then put into lysis buffer containing 40 mM EDTA, 400 mM NaCl, 0.75 M sucrose and 50 mM Tris HCl at pH 8.3 (Giovannoni et al. 1990 ) and immediately frozen.
The trophic state of studied water bodies was determined using analysis of TP and TN concentrations ac-cording to the Organisation for Economic Co-operation and Development (OECD) levels (limit values for eutrophication of reservoirs: 0.1 mg P l -1 and 1.5 mg N l -1 ; OECD 1982). Physicochemical parameters (TP, TN, TN:TP ratio, chl a concentration, temperature) of Sulejow were determined at the Department of Applied Ecology (University of Lodz, Poland) as described by Golterman et al. (1978) . Physicochemical parameters of additional lakes were determined according to Janczak (1999) and the Inspectorate for Environmental Protection.
MC determination. High performance liquid chromatography (HPLC): Intracellular (cyanotoxins in cells) and extracellular (cyanotoxins dissolved in water) forms of MCs were measured. For intracellular toxins, the samples were sonicated for 30 s in a Misonix ultrasonicator and liquid processor XL. The extracts were centrifuged twice at 11 000 × g for 10 min at 4°C. The supernatants were collected and evaporated in an SC110A Speedvacs Plus ThermoSavant. Samples were re-dissolved in 1 ml of 75% aqueous methanol and filtered through a Gelman GHP Acrodisc 13 mm syringe filter with 0.45 mm GHP membrane and minispike outlet. For dissolved MCs, 1 l of filtered water sample was concentrated before HPLC analysis by solid phase extraction (SPE) and eluted from C18 cartridges by 90% aqueous methanol with 0.1% trifluoroacetic acid (TFA). Methanol was evaporated and samples were redissolved in 1 ml of 75% aqueous methanol before HPLC analysis (Jurczak et al. 2005) .
The samples were analysed using an Agilent 1100 series composed of a quaternary pump, autosampler and thermostated column compartment. Chromatographic separation was achieved using a Merck Purospher Star RP-18e column (55 × 4 mm; 3 µm) with a C 18 guard column (4 × 4 mm). The determination of MCs by HPLC-diode array detector (DAD) was performed using a gradient mobile phase of H 2 O + 0.05% TFA (eluent A), acetonitrile (ACN) + 0.05% TFA (eluent B) and diode-array detection at 200 to 300 nm. The linear gradient conditions were as follows: 25% B at 0 min, 70% B at 5 min, 70% B at 6 min, 25% B at 6.10 min. Injection volume was 20 µl, flow rate was 1 ml min -1 and column temperature was 40°C. MCs in the cyanobacterial extracts were identified against the standards for MC-LR, MC-RR, demethylated-MC-RR, MC-YR, MC-LY, MC-LW, MC-LF by their characteristic absorption spectra and retention times (Jurczak et al. 2005 , Meriluoto & Codd 2005 . This method enables detection of MCs at the 0.01 µg l -1 level after concentration of the sample.
Protein phosphatase inhibition assay (PPIA): A colorimetric PPIA with the enzyme protein phosphatase 1 (PP1) was used to determine the extracellular MC concentrations. The inhibition by MCs of PP1 from rabbit skeletal muscle (New England BioLabs) was estimated according to An & Carmichael (1994) with minor modifications (Meriluoto & Codd 2005) . Hydrolysis of p-nitrophenyl phosphate (pNPP), which is the indicator of PP1 activity, was measured by the formation of pnitrophenol (pNP). The pNPP (15 mM) was dissolved in buffer containing 50 mM Tris-HCl (8.1), 20 mM MgCl 2 , 0.2 mM MnCl 2 , 2 mM DTT and 0.5 mg ml -1 BSA. The PP1 was diluted to 1.7 U ml -1 in the buffer containing 50 mM Tris-HCl (7.4), 1 mM MnCl 2 , 2 mM DTT and 1 mg ml -1 BSA. Different concentrations of MC-LR in Milli-Q water (MC-LR) were used as standards (Calbiochem). The assay was prepared by adding 200 µl substrate (pNPP), 10 µl negative control (Milli-Q water), 10 µl enzyme (PP1) and 10 µl standard solution of MC-LR or filtrated water sample containing dissolved MC (PP1). The pNP production was measured after 2 h incubation at 37°C by analysing absorbance in the 405 nm range using a microplate analyser (Labsystems). This method enables the detection of MCs at a threshold of 0.125 µg l -1 , without concentration of the sample.
Microscopic analysis: Fresh samples of phytoplankton were investigated for species composition and the populations were registered using photography on an Olympus BX51 microscope equipped with an Olympus DP70 digital camera. The assessment of the phytoplankton biomass was done by counting the cells settled in Utermöhl chambers (Lund 1951 ) using an Olympus IMT2 inverted microscope. To estimate the biovolume of the algae and cyanobacteria, 30 to 100 individual cells were measured and their volumes calculated according to geometrical solids. Filaments with invisible cells (Planktolyngbya) were measured and their biomass was calculated as for cylinders. Results were expressed as fresh biomass in µg l -1 (Javornick) & Komárková 1973) assuming the specific density of phytoplankton as a unit (10 6 µm 3 = 1 µg). At least 400 cells or settling units (colonies, filaments) were counted to reduce the error to less than 10% (p = 0.05, Javornick) 1958). A computing program developed at the Hydrobiological Institute for internal use (Phyto-N) was used to calculate the biovolume from the cell numbers.
Molecular analysis. DNA extraction and 16S rRNA PCR-DGGE: DGGE analyses targeting 480 pb of the V3 and V4 regions of 16S rRNA were performed as described by Boutte et al. (2006) DGGE dendrogram: Two DGGE fingerprints (a) and (b) were obtained from each sample and analysed using GelCompar II Software 2.5 (Applied Maths). The bands were localised on the basis of densitometric curves. The lanes were aligned using the standard marker. Cluster analyses were performed separately for Sulejow and the other lakes using the combination of the DGGE patterns produced with primer pairs (a) and (b). Clustering was performed using the position of the bands and the normalised intensity value. A Dice index similarity matrix was calculated using the peaks showing more than 5% of the maximum peak intensity and area. The dendrogram was built with the Ward method as implemented in the software.
Cloning: The samples corresponding to Sulejow 02/10/02 (2SU40; dates are presented in the form dd/mm/yy) and Szymoneckie 16/08/02 (2SY33) were analysed using a clone library. For the 2 clone libraries, PCR amplifications targeting the 16S rRNA and ITS were carried out with the forward primer CYA359F (Nübel et al. 1997 ) and 23S30R (Taton et al. 2003) . The PCR conditions included an initial denaturation step of 5 min at 94°C, followed by 30 cycles, each consisting of 45 s at 94°C, 45 s at 54°C and 2 min at 68°C. A last incubation of 7 min at 68°C was performed. The PCR products were purified with the Quantum Prep PCR Kleen spin columns (Biorad). dATP was added to the 3'end with the A-addition kit (Qiagen). The cloning kit pCR ® 2.1-TOPO ® (Invitrogen) was used following the manufacturer's instructions. PCR amplicons of approximately 2 kb were ligated into the plasmid vector pCR ® 2.1 and transformed into TOP10 chemically competent Escherichia coli. The colonies were screened by direct PCR with primers CYA359F and CYA784R using an annealing temperature of 60°C instead of 54°C to increase the specificity of the detection. Each positive clone was sequenced with primer 1092R (Hrouzek et al. 2005) . Sequencing reactions were carried out using an ABI Prism system 377 (PE Applied Biosystems) by the company Genome Express (France). Sequences were manually corrected and chimeras were identified with CheckChimera (Cole et al. 2003) and removed.
Prochlorothrix hollandica and pcbC gene detection: To detect the presence of Prochlorothrix hollandica, the DNA extracted from each environmental sample was submitted to a PCR amplification using the 16S-Pholl-fw/16S-Pholl-rev primer pair that specifically targets the 16S rRNA gene of P. hollandica (Geiss et al. 2003) . In addition, PCR detection of the gene pcbC of the operon encoding the chl a/b binding protein was carried out using primers pcbC-fw and pcbCrev as described by Geiss et al. (2003) to detect chl bcontaining oxyphotobacteria.
BLAST analysis, phylogenetic reconstruction and Operational taxonomic unit (OTU) determination: For each sequence, the 2 most similar sequences found by a BLAST analysis were chosen as reference sequences. The positions 368 to 751 (based on the Escherichia coli sequence) of the partial 16S rRNA sequences from DGGE, clone and reference sequences were aligned using CLUSTALW (Thompson et al. 1994) . A distance matrix was calculated using the Jukes and Cantor correction for multiple mutations, and insertion/deletions were not taken into account. The distance tree was constructed with the neighbor-joining (NJ) method with the software TREECON ( Van de Peer & De Wachter 1994) . We used 383 positions (368 to 751, E. coli numbering). The E. coli sequence was used as the outgroup. A bootstrap analysis involving 500 replicates was performed. Sequences sharing more than 97.5% similarity (Stackebrandt & Goebel 1994 , Taton et al. 2003 were grouped into OTUs using the software DOTUR (Schloss & Handelsman 2005) with the 'Furthest Neighbor' algorithm. An accumulation curve was constructed using Species Diversity and Richness version 2.62 (Pisces Conservation) to assess the completeness of the clone libraries (Hughes et al. 2001) .
To avoid submitting almost identical sequences, the DGGE sequences sharing more than 99% similarity were grouped as described above. One representative DGGE sequence per lake and per group was deposited in GenBank under accession numbers DQ531850 to DQ531878. An identical strategy was followed for the clone libraries, and the representative clone sequences were recorded under accession numbers DQ531879 to DQ531933.
Statistical analysis. Because of the low number of samples, the non-parametric and non-linear Spearman's rank coefficient (r s ) was used to investigate correlation between parameters. For each sample, the biovolume of each cyanobacterial genus, the total biovolume, the biotic (TP, TN, TN:TP ratio, chl a concentration, total MC concentration, extracellular and intracellular MC concentration) and abiotic factors (temperature) were used to calculate Spearman's rank correlation.
RESULTS

Physicochemical parameters of the water bodies
The Sulejow Reservoir is a eutrophic ecosystem. Average TP concentrations of 0.06 to 0.2 mg l -1 and TN of 0.6 to 3.6 mg l -1 were measured throughout the summer-autumn in 2002 (Table 1) . Lake Jeziorak showed an average TP concentration of 0.13 mg l -1 and an average TN of 1.9 mg l -1 throughout the summer season. All lakes of the Mazurian were eutrophic: an average TP concentration of 0.2 to 0.3 mg l -1 and an average TN of 1.6 to 1.9 mg l -1 were detected throughout the summer season. TP concentrations of 0.2 mg l -1 and TN of 1.9 mg l -1 were obtained for the Zegrzyn Reservoir. In Lakes Siecino and Trzesiecko, the average TP concentration was 0.1 mg l -1 and the average TN was 1.0 mg l -1 for the former and 0.1 mg l -1 and 2.6 mg l -1 for the latter.
MCs and chl a concentrations in selected Polish water bodies
MC-RR, -YR and -LR were the most common variants of MCs in Poland (Jurczak et al. 2004) . In Sulejow Reservoir, the extracellular MC concentration was quite low (< 0.3 µg l -1 ) and intracellular MCs contributed 90% of the total MCs on average. The highest hepatotoxin concentration (6.7 µg l -1 ) was obtained at the beginning of August when the chl a concentration was 44.6 µg l -1
. In September, the total concentration of MCs was in the range of 1.1 to 2.3 µg l -1
, and the chl a concentrations varied from 12.4 to 15.5 µg l -1 . In the additional lakes, PPIA also indicated the presence of extracellular MCs at the surface ( 
Microscopic counts
The biovolume calculations showed that in June (2SU23 to 2SU26), the Sulejow samples were dominated by Anabaena, Microcystis and some picoplankton (Fig. 1A) . Aphanizomenon and Microcystis were the major populations in the samples from July to October (2SU28 to 2SU41). In the additional lakes, the largest biovolumes corresponded to Pseudanabaena for the 2 Jeziorak samples observed (Fig. 1B) . Microcystis, Aphanizomenon, Anabaena, Planktothrix and Microcystis were dominant for the other samples. In addition, some minor populations of Planktolyngbya (2JE31, 2JE36, 2SY33, 2TL33, 2SI35), Synechococcus (2JE36, 2SI35, 2TR35) and Romeria (2TR35) were also observed. Microscopic data for 2JE35 are missing.
Molecular analysis of cyanobacterial diversity in Polish water bodies
Phylogenetic reconstruction and OTU determination. On the basis of the DGGE and clone sequences, 12 OTUs were found among 7 genera (Fig. 2) . Anabaena/Aphanizomenon contained 4 OTUs (1, 2, 3 and 4). The cluster Limnothrix/Pseudanabaena included 3 OTUs (10, 11 and 12). These 2 clusters showed the lowest internal sequence similarity (91.1 and 97.1%, respectively). Each of the other clusters corresponded to only 1 OTU: Planktothrix (OTU 5), Synechococcus (OTU 6), Snowella (OTU 7), Microcystis (OTU 8) and the Prochlorothrix-like cluster (OTU 9). They had an average internal similarity of 99.3%. DGGE profile of Sulejow Reservoir. For the Sulejow Reservoir, 32 bands were sequenced: 23 from the (a) patterns and 9 from the (b) patterns. On the basis of the dendrograms obtained, different phases were distinguished (Fig. 3A) . A first phase was observed in June (2SU23 to 2SU25) with very weak bands (Group 1). The bands successfully sequenced from these patterns belonged to OTU 2 of the cluster Anabaena/Aphanizomenon for (a) (2SU23-dggea1,a2) and to Microcystis (OTU 8, 2SU24-dggeb1) for (b) (see Fig. 2) .
A second phase was observed in July and August (2SU26 to 2SU36), with quite variable DGGE patterns (Group 2). The sequences retrieved from these samples were included in the Anabaena/Aphanizomenon cluster (12 sequences from samples 2SU30 and 2SU32 in OTUs 1 and 2), in the Microcystis cluster (OTU 8, 2SU29-dggea1,b1, 2SU26-dggeb1 and b2) and in the Limnothrix/Pseudanabaena cluster (OTU 12, 2SU26-dggea6) (Fig. 2) . However, the pattern of the sample 2SU30 was slightly different from the others and had a high number of bands affiliated to Anabaena/Aphanizomenon (OTU 2).
The third phase corresponded to September and November (2SU37 to 2SU41, Group 3). All bands sequenced from these patterns belonged to Anabaena/Aphanizomenon cluster (OTU 1) or Microcystis (OTU 8), except for 1 band in the Limnothrix/Pseudanabaena cluster (OTU 10, 2SU37-dggea1). Pattern (b) corresponding to 2SU35 was also different from the others. The 2 bands situated in the middle part of the gel were related to the Prochlorothrix-like cluster (OTU 9, 2SU35-dggeb3, b4).
DGGE profiles of additional lakes. For the 12 samples taken in the 10 additional lakes, 22 sequences were produced from the excised bands (10 for pattern [a] and 12 for pattern [b] ; see Fig. 3B ).
The sequences of the bands retrieved from pattern (a) were generally related to the OTUs 2, 3 and 4 of the Anabaena/Aphanizomenon cluster (Fig. 2) . Most sequences recovered from pattern (b) were related to Microcystis. However, a different diversity was found in samples 2NI33, 2SI35, 2TR35 and 2ZE34 (Group 1). In sample 2TR35, 1 band was related to the Microcystis cluster (OTU 8, 2TR35-dggea2) and 1 band belonged to the Limnothrix/Pseudanabaena cluster (OTU 10, 2TR35-dggea1). One band in 2SI35 (2SI35-dggeb3, OTU 6) exhibited a similarity of 100% with Synechococcus PS723 (isolated from Lake Biwa, Japan; Robertson et al. 2001) , and another sequence from 2SI35 was affiliated to the Snowella cluster (OTU 7).
The 3 fingerprints from Lake Jeziorak (2JE31, -35, -36) showed nearly identical patterns (Group 2, ca. 85% similarity). Except for 2NI33, the patterns of the lake samples taken in the Mazurian District clustered together (2KO33, 2JA33, 2TL33, 2SZ33, 2SY33, Group 3). Samples 2JA33 and 2SY33 showed very poor diversity for the (a) and (b) amplifications. Samples 2TL33 and 2JE31 had sequences belonging to the Prochlorothrix-like cluster (OTU 9).
Clone libraries. For the clone library of Sulejow (02/10/02, 2SU40), 79 sequences were obtained, of which 72% corresponded to OTU 1 in the Anabaena/ Aphanizomenon cluster (57 sequences), 20 sequences were positioned in the cluster of Microcystis (OTU 8) and 2 sequences were in the Limnothrix/Pseudanabaena cluster (OTU 10) (Fig. 2) . 
CYA359F-CYA781RGC(a)
CYA359F-CYA781RGC (b)   2SU28  2SU29  2SU26  2SU30  2SU31  2SU34  2SU35  2SU36  2SU33  2SU32  2SU40  2SU39  2SU38  2SU41  2SU37  2SU23  2SU25  2SU24   1 For the clone library of Szymoneckie (16/08/02, 2SY33), 27 clones were sequenced. Of these, 16 sequences belonged to the Anabaena/Aphanizomenon cluster (OTUs 2 and 3), 10 to the Planktothrix (OTU 5) cluster and 1 to the Limnothrix/ Pseudanabaena cluster (OTU 11) (Fig. 2) .
The accumulation curve obtained for the Sulejow clone library reached an asymptote, whereas it was non-asymptotic for Szymoneckie (data not shown).
Prochlorothrix-like and pcbC gene detection. The closest relatives for the DGGE bands from samples 2TL33, 2SU35 and 2JE31 were the uncultured clones LD5, LD15 and LD7 from Lake Loosdrecht (The Netherlands) with a similarity of 99%. These clones belong to the sub-cluster Prochlorothrix-like, following Zwart et al. (2005) . Our sequences were also related to P. hollandica 1123 (Turner et al. 1999 ), but with a similarity of 92%.
The detection of Prochlorothrix hollandica with specific 16S rRNA primers was tested. A positive signal was obtained for samples 2SU39, 2JE36, 2NI33, 2TL33 and 2SZ33. As P. hollandica possesses chl b, the environmental samples were submitted to PCR amplifications using the primer pair pcbC-fw/pcbC-rev that specifically targets the pcbC gene (Geiss et al. 2003) . Though pcbC is present in the P. hollandica strains, it is not known whether it is also present in the subcluster 'Prochlorothrix-like', because this group is only known from its 16S rRNA sequences. A positive signal was obtained for the samples 2TL33 and 2JE36 for which DGGE sequences belonging to the Prochlorothrix-like cluster were found for the same sample (2TL33) or for another sample taken 5 wk earlier (2JE31).
Correlation between the total MC concentrations and the environmental parameters
For Sulejow, the total MC concentration slightly correlated with the total N/P (r s = -0.61), Microcystis biovolume (r s = 0.65), Aphanizomenon biovolume (r s = 0.58) and total biovolume (r s = 0.71; Table 2 ). No correlation with temperature was obtained (r s = 0.15). The same result was obtained for the intracellular MC concentration, as the latter was the major contributor to the total MC concentration. The extracellular MC correlated with the total N (r s = 0.79). In the other lakes, the 232 Table 3 ).
DISCUSSION
As demonstrated by Boutte et al. (2005) , our results show that molecular and microscopic tools are complementary. Some discrepancies can exist between the real composition of the samples and the populations inferred from the molecular techniques. PCR may bias the detection of certain 16S rRNA sequences in mixedtemplate reactions (Ferris et al. 1997) . Moreover, a partial picture of the diversity is assessed from molecular tools depending on the sequencing effort of clones and DGGE bands. Hence, on the basis of the DGGE sequences, the Microcystis population was detected in only 1 Sulejow sample out of 15 in which this genus was microscopically dominant. In contrast, microscopic tools failed to detect rare taxa: sequences from Anabaena/Aphanizomenon (Sulejow 04/06/02, 2SU23), Limnothrix/Pseudanabaena and Microcystis (Sulejow 26/06/02, 2SU26), Planktothrix (Szymoneckie 16/08/02, 2SY33) and Synechococcus (Siecino 27/08/02, 2SI35) were obtained, although these genera were not microscopically detected.
Using the same protocols for sampling and phylogenetic analyses, lakes in the Czech Republic have previously been studied (Boutte et al. 2005) . Most of the Polish OTUs, including Snowella, were also detected in the Czech samples, although OTUs 3 (Anabaena/Aphanizomenon), 5 (Planktothrix), 9 (Prochlorothrix-like), 10 and 11 (Limnothrix/Pseudanabaena) were not found in Czech samples. However, these 5 OTUs were quite rare among our Polish DGGE and clone sequences.
In the Sulejow Reservoir, during the first phase (June, 2SU23 to 2SU25), no MCs were detected; this result can be linked to the low biovolumes measured (<1.10 6 µg ml -1 ), as the total biovolume was correlated with the total MC concentration (r s = 0.71).
During the second period (end of June until beginning of September; 2SU26 to 2SU36), Microcystis and Aphanizomenon were the dominant populations according to the microscopic observations (66.1 and 21.5% of the biovolume, respectively), but some small populations of Synechococcus, Snowella, Aphanocapsa and Pseudanabaena were also observed. MCs were detected from the end of July (2SU30). The highest temperature recorded (26.4°C for 2SU31) was followed by the highest MC concentration (2SU32: 6.7 µg l -1 ) measured for all samples. No correlation was found between the temperature measured and the MC concentrations, but there could be a 'long-term effect' of high temperatures. These high MC values also coincided with the decrease in the TN:TP ratio, and this ratio was moderately inversely correlated with MC concentrations (r s = -0.61). Low TN:TP ratio and high temperature are thought to support the occurrence of blooms (Sivonen 1996 , Kaebernick & Neilan 2001 . The MC detected could be due to the genus Microcystis (OTU 8), as it comprises the major population of toxin producers in these samples. Moreover, the Microcystis biovolume of the previous sample was much lower: 0.4 × 10 6 µg ml -1 for 2SU31 and 4.4 × 10 6 µg ml -1 for 2SU32. A lysis of a part of the Microcystis population can enhance the production of MCs in the surviving population (Schatz et al. 2007) , and this could explain our observation. The sample 2SU35 (end of August) was quite different from the others. It included DGGE sequences belonging to the Prochlorothrix-like cluster. On this date, a low population of Pseudanabaena was detected (0.7% of the biovolume), and we hypothesise that this morphotype could correspond to this enigmatic cluster. In this sample, the MC concentration was also quite low (1.3 µg l -1 ). The last period started with the sample 2SU37 in September. The MC concentration decreased very faintly from September to November (2SU37 to 2SU41). This corresponded to an increase in the TN:TP ratio (Table 1) . For this period, very similar DGGE profiles from pattern (a) were recovered, and sequences related to Anabaena/Aphanizomenon (OTU 1) were obtained. The unicellular populations appeared constant, with a strong band that corresponded to Microcystis (2SU40-dggeb6). This band showed higher intensities from 2SU37 to 2SU41, corresponding to an increase in the biovolume proportion of Microcystis (from 86.8 to 100% of the biovolume for 2SU37 and 2SU41, respectively). This was confirmed by both microscopic counts and the clone library for sample 2SU40 (02/10/02), where the 2 dominant groups of clones were related to OTUs 1 (Anabaena/Aphanizomenon) and 8 (Microcystis). Samples 2SU34 (22/08/02) and 2SU38 (19/09/02) comprised maximum Microcystis biovolumes, yet they did not have the highest total MC measurements. This might result from competitive replacement of toxic by non-toxic Microcystis strains (Kardinaal et al. 2007 ). Such a succession may explain the decrease in the MC concentrations measured from 22/08/02 (2SU32, 6.68 µg l -1 ) to 25/09/02 (2SU39, 1.88 µg l -1 ) for similar Microcystis biovolumes. This could also explain the moderate correlation obtained between the Microcystis biovolume (r s = 0.68) and the MC concentrations.
Samples from Sulejow Reservoir showed the presence of OTU 2 in June and July followed by OTU 1 in August and September. Both OTUs belonged to the cluster Anabaena/Aphanizomenon, and this succes-sion of genotypes may correspond to different ecotypes. Two other OTUs belonging to the same Anabaena/Aphanizomenon lineage are found in Lakes Niegocin (2KO33) and Kotek (2NI33). The occurrence of these genotypes may be linked to specific chemical factors of the lakes, such as ionic concentrations (Willame et al. 2006) .
Among the additional lakes, no correlation was found between extracellular MC measurements and TN:TP ratio. A negative correlation (r s = -0.89) was found between the MC values and the total biovolumes. Results from Sulejow Reservoir suggested that extracellular MC concentration may be negligible compared to the intracellular one. Population collapses should enhance the extracellular MC concentration after cell lysis and thus times of low biovolumes may correspond to times of the release of MC from cells. This could also explain the absence of a correlation between MC-producing genera and the extracellular MC concentration. The extracellular MC concentration of the sample from Lake Jeziorak (2JE36) was quite high (4.1 µg l -1 ). On the basis of the counting data, the presence of MC in this sample can be attributed to the small populations of Microcystis and Planktothrix.
In the Mazurian District, the highest MC value was obtained for Szymoneckie (2SY33, 4.2 µg l -1
). This could be linked to the presence of Microcystis (counting result), of Planktothrix (according to the clone library composition) and/or to Anabaena (counting and DGGE sequences results). For the other samples, the MCs measured could be produced by the genera Anabaena, Planktothrix and Microcystis based on the affiliation of the DGGE bands and on the counting results. The highest extracellular MC values observed in this study (≥5 µg l -1 ) were obtained in the Pomeranian District samples from Trzesiecko (2TR35) and Siecino (2SI35). Microcystis and/or Anabaena might be the toxin producers.
Different OTUs of Anabaena/Aphanizomenon were detected in the samples showing high MC concentrations. Thus, high MC values cannot be linked to a specific OTU.
Environmental sequences similar to our clones of the Prochlorothrix-like cluster were obtained from the shallow and eutrophic Lake Loosdrecht (Zwart et al. 2005) . The Polish water bodies investigated in this study are also eutrophic. We do not know if toxins are produced by the Prochlorothrix-like organisms; however, sequences related to this cluster were obtained in samples showing low (1.3 µg l -1 in 2SU35) or moderate (3.0 µg l -1 for 2TL33) MC values. In 2TL33, pcbC sequences were found by direct PCR detection and corresponded to the presence of DGGE sequences of the Prochlorothrix-like cluster. In other cases, the DGGE sequence was found but no pcbC was detected (2SU35, 2JE31) or no DGGE sequence was obtained but the pcbC signal was present (2JE36). If the Prochlorothrix-like organisms possess chl b but are quite rare, the absence of signal can be due to amplification competition with more abundant sequence types in the case of the 16S rRNA, and of too low sensitivity of the PCR in the case of the pcbC gene. This could also explain why only samples 2JE36 and 2TL33 were positive for the pcbC gene detection, whereas 5 samples had positive signals for the detection of P. hollandica based on 16S rRNA. A nested PCR for pcbC detection might increase the sensitivity of this test. As the positions 800-923 around the primer 16S-Pholl-fw (Geiss et al. 2003) are quite specific to the Prochlorothrix-like cluster, an in situ fluorescence detection could be tested to obtain morphological data on these enigmatic organisms. Finally, we note that thin filamentous morphotypes identified as Pseudanabaena (for 2SU35, 2JE31, 2TL33) and Planktolyngbya (2JE31 and 2TL33) were microscopically detected in the samples for which the Prochlorothrix-like sequences were obtained. Thus, it is possible that these morphotypes correspond to this cluster.
CONCLUSIONS
The cyanobacterial populations from surface samples were investigated on the basis of microscopic identification, DGGE, and sequencing of clone libraries. The populations identified corresponded to dominant cyanobacterial populations commonly detected in lakes of central Europe: Microcystis, Planktothrix, Limnothrix, Anabaena or Aphanizomenon spp. (Dokulil & Teubner 2000) . Furthermore, sequences related to the Prochlorothrix-like cluster were also retrieved. This group is enigmatic and is known only from environmental clone sequences of a Dutch lake (Zwart et al. 2005) but might correspond to thin oscillatorial morphotypes. The genera Anabaena and Microcystis were probably the main toxin producers at the surface of the Polish lakes investigated. We also observed a succession of 2 different OTUs inside the Anabaena/Aphanizomenon lineages in the Sulejow Reservoir.
The TP and TN in almost all investigated Polish water bodies exceeded the limit values for eutrophication of reservoirs (0.1 mg P l -1 and 1.5 mg N l -1 ; OECD 1982). The intracellular MC measurement was statistically linked to Microcystis biovolume and to total cyanobacterial biovolume. In contrast, no relevant correlation was obtained between the extracellular MC and the physicochemical parameters or the different morphotype biovolumes. Moreover, the concentrations of chl a can be used for assessing the risks of toxicity, as chl a concentrations were correlated with the occurrence of MC.
